Abstract: Maximum Power Point Tracking (MPPT) algorithms are receiving particular attention to maximize the wind energy captured by medium power wind turbines (a few hundreds of kW), whose aerodynamics curves are usually not known accurately and where wind-speed sensors are missing or not reliable. Wind turbine speed control, over a wide operating range, is usually assumed to give a reliable basis for most common MPPT algorithms. In this paper a novel simple, but effective, speed controller is presented. Speed control knobs, i.e. blade pitch angles and generator torque, are suitably combined in order to take into account generator torque and power limits without using hybrid controllers, which could lead to bumps and limit cycles under variable wind and uncertain aerodynamics characteristics. In defining torque and power limits at generator side, thermal dynamics are taken into account leading to time-varying bounds adopted in the proposed control solution. This allows a better exploitation of the generator capabilities, but still preventing from shut down related to thermal problems. A full stability analysis under unknown wind speed and uncertain aerodynamics curves is carried out showing how to tune the proposed controller, with a simple PI structure, for wide stability domain. A standard MPPT algorithm is mounted on top of the proposed solution, highlighting the constrains in shaping the speed reference trajectory to avoid motor behavior of the electric generator. Finally, simulations are reported to show the effectiveness of the proposed solution.
INTRODUCTION
Wind energy conversion has been growing extremely fast along the last decade, becoming the most competitive energy source among the renewable sources for electrical power generation. Thanks to the improvement in wind turbine and power electronics technologies, today variable-speed pitch-regulated wind turbines (Leithead et al. [2000] ) are usually used in medium or large scale power production, maximizing the energy captured from the wind in almost every working condition. Basically, two main kinds of variable-speed, pitch-regulated wind turbines can be identified: large power ones (a few MW) and medium power ones (a few hundreds of kW). Both kinds of turbines are expected to capture the maximum power available from the wind, up to the rated power of the electric generator drive. Hence, two main working region can be defined; "at low wind speed", with an available wind power lower than the nominal turbine power, and "at high wind speed" where available wind power is equal or greater than the turbine nominal one. At low wind speed, the generator torque, the turbine speed and the pitch angles need to be regulated in order to capture the maximum power from the wind. Differently, at high wind speed, pitch angles and generator torque are set to bound the extracted power to the nominal one. Beside this common general strategy, large power and medium power turbines enlighten relevant differences in two main elements: concerns about mechanical vibrations and knowledge of accurate mechanical and aerodynamic models.
For large power turbines, torsional vibrations of the drive line, tower and blades oscillatory modes need to be damped, since relevant fatigue stress can occur, owing to large mechanical loads and large dimensions. On the other hand, for this kind of turbines, accurate aerodynamic and mechanical models are available together with wind speed sensors, thanks to the large cost of such plants motivating strong efforts in modeling and sensoring. These features enable to define offline optimizing curve for "low wind speed" region and to design accurate multivariable control algorithms to deal with mechanical vibrations. Various solutions have been presented in literature. Most of them are based on linearization along trajectories or equilibria and application of advanced gain scheduling approaches; H 2 , H ∞ techniques are wisely applied to shape performances and robustness to some model uncertainties Bianchi et al. [2005] , Rocha et al. [2005] , Sloth et al. [2009] , Differently, in Bottasso et al. [2007] a receding horizon nonlinear adaptive model predictive controller is proposed to enhance performance under large wind gusts and extreme off-design conditions. A different scenario takes place when medium power turbines are considered. Mechanical vibrations are no longer a crucial issue (natural modes are usually outside the working frequency range, thanks to smaller dimensions, and mechanical loads are not critical), but wide dispersion of aerodynamic characteristics usually affects these turbines and poor models and measurements are available, owing to cost limitation. Therefore, Maximum Power Point Tracking (MPPT) algorithms have received particular attention to steer the turbine toward the best working condition in the "low wind speed" region. MMPT solutions are usually structured as hill-climbing discrete-events searching algorithms. In Yaoqin et al. [2002] , Datta et al. [2003] , Koutrolis et al. [2006] and the turbine speed is modified to search for the power optimum, while in Johnson et al. [2004] the convexity of the parabola representing the generator torque curve is adapted. Whatever solution is used, a crucial issue is to ensure stability of the wind turbine in any condition, also taking into account electric power saturation occurring in "high wind speed" region. In Johnson et al. [2004] , where generator torque is modified for MPPT, a stability analysis is presented only for low wind speed operation and without considering pitch control. Differently, in approaches where turbine speed is varied for MPPT, no stability analysis is usually carried out, implicitly assuming that a suitable closed-loop speed control is present. In this paper, the speed control of medium power wind turbine is carefully considered. A novel simple and effective speed controller is presented. A basic PI structure is exploited and "control knobs", i.e. blade pitch angles and generator torque, are suitably combined in order to take into account generator torque and power limits without using hybrid controllers. Therefore, the proposed solution intrinsically prevents from possible bumps and limit cycles under variable wind and uncertain aerodynamics characteristics. Thermal dynamics are taken into account in defining torque and power limits at generator side, leading to time-varying bounds adopted in the proposed control solution.This allows a better exploitation of the generator capabilities, but still prevents from shut down related to thermal problems. A full stability analysis under unknown wind speed and uncertain aerodynamics curves is carried out showing how to tune the proposed controller for wide stability domain. The paper is organized as follows. In Section 2 the mediumpower wind turbine model is reported and the general control strategy is discussed; particular attention will be devoted to the thermal modelling of generator bounds. In Section 3 the proposed speed control solution is presented then its stability properties and the related design rules are discussed. In Section 4 a slight modification of common MPPT algorithm is presented in order to be "mounted on top" of the proposed speed controller. Simulation results are presented in Section 5.
WIND TURBINE MODELING AND CONTROL OBJECTIVES
In this work medium-power (horizontal axis) variable-speed variable-pitch wind turbine, with collective blade pitch actuation (according to pitch-to-feather strategy), are considered (Wind energy handbook [2001] ). Their rotational dynamics can be modeled as follows:
where ω, V are respectively the rotor and wind speed, J is the total rotational inertia, collecting the blades, drive train shaft, and electric generator rotor contributions, and ρ is the air density, while T G is the actuated generator torque. T w is the aerodynamic torque which, assuming a perfect alignment with wind direction, can be expressed as (Wind energy handbook
The power captured by the turbine can be derived from (2)
C q , C p are the so-called torque and power coefficient that characterize the turbine aerodynamic, they depends on the blades pitch angle β , and the tip speed ratio λ , while the vector c contains the coefficients of the function adopted to fit the turbine power curve. In this study the following approximation, valid for a wide range of commercial turbine (Wind power in power systems [2005] ), is considered
to take into account the approximation error with respect to the unknown actual turbine curve, a set C such that c ∈ C , centered on the nominal values n-ple c 1n , . . . , c 6n has been considered for the vector c parameters.
In most of medium scale turbines only shaft angular speed and generator torque are accurately measured, while precise informations about inertial terms are usually provided by manufacturers. On the other hand wind speed measure is usually not available or roughly provided by an anemometer, this value usually doesn't fit the actual wind field on the blades, hence it cannot be used to obtain information about wind aerodynamic torque, furthermore the uncertainty on C p curve cannot be neglected.
In the control design, blades flapping, tower fore-aft motion and drive train shaft resonant modes have been neglected, hence model (1) has been derived assuming a perfectly rigid system. This approximation can be effectively adopted to define a control law for the kind of turbine considered in this work, where often no gearbox is present and resonant modes are at much higher frequency and, then, outside the control bandwidth.
Considerations on the general control strategy
From the expression of aerodynamic power (3) it can be seen that the energy captured from the wind can be varied shaping the power coefficient by means of the tip speed ratio and the pitch angle; the maximum power coefficient corresponds to optimal values λ opt , β opt . While λ opt slightly depends on the system specific aerodynamic characteristic, the corresponding pitch angle which maximize the power coefficient, for all kind of wind turbine, regardless power curve uncertainties, is β opt = 0 • . Hence, in order to achieve maximum power extraction at below rated wind speed, the pitch angle can be held constant to zero, while the angular speed is varied to reach the optimal tip speed ratio; if precise informations about the turbine aerodynamic are available, the generator torque can be actuated following the optimal power extraction locus reported in Fig. 1 . At high wind speeds, the angular speed increases until power-torque saturation occurs, then the pitch angle is varied to shed aerodynamic torque and control the angular speed. An analogous strategy can be adopted without exploiting turbine aerodynamic and wind speed knowledge, in this case the optimal tip speed ratio is reached by means of an MPPT algorithm properly integrated with a speed controller, at high wind speed the strategy is different from the previous one. Controlling the angular speed, power-torque limit can be reached also at low rotor speed if the wind is strong, the MPPT algorithm is suspended and the pitch angle is used to shed the aerodynamic torque and ensure a constant power operation (highlighted in Fig. 1 the maximum generator value, in Section 4 a slightly different strategy is proposed to limit generator power losses due to high torque demand. Whatever control strategy is adopted the critical issue is to ensure a smooth transition between the two different turbine operating regimes, providing reliable performance and stability for all the possible conditions.
Torque and Power saturation
In order to provide a reliable control solution, torque and power saturation related to electrical machine and electrical power converter dimensioning have to be accurately considered. Typically the following constraints have to be respected: maximum torque and power peak values, T Gmax and P Gmax , and maximum RMS values, T GRMSmax and P GRMSmax . According to common dimensioning rules, torque constraints are related to the electrical machine used as generator, while power constraints are related both to the electrical machine and the controlled power converter, but mainly to the second one (which is used to drive the generator and transfer the electric power to the line grid). In addition, it must be recalled that RMS constraints are actually related to thermal bounds on electric machine and power converter, then thermal dynamics should be taken into account for a better exploitation of torque and power capabilities. Usually this possibility is not considered and constant instantaneous limits equal to T GRMSmax and P GRMSmax are adopted for generator torque and power, respectively. In this Section, thermal dynamics will be explicitly considered, in a receding horizon model predictive fashion, to obtain temporary higher bounds than T GRMSmax and P GRMSmax . Beside a better exploitation of the generator and power electronics, these time-varying bounds, combined with the control solution presented in Section 3, will allow a smoother pitch angle variation as shown in simulations of Section 5. The thermal behavior of both generator power drive and frontend converter, can be approximated by a first order dynamic, hence the torque and power RMS constraints can be written as follows (with some abuse of notation between Laplace and time domain for the sake of brevity):
1+τ 2 s ≤ P GRMSmax (5) with P 2 G = (T G ω) 2 and where, τ 1 is the electric generator thermal time constant, while τ 2 is the thermal time constant of the converter grid-side. The time-varying bound for the generator torque which can be applied without overcoming the RMS limitation can be calculated as follows. A time prediction horizon T , reasonably shorter than the thermal settling-time is selected. Then, inverting the model (5), the constant torque valueT G (t) that, applied to the system for the time period [t,t + T ], leads to the limit T 2
GRMSmax starting from the initial value T 2 GRMS (t), is derived. The formula of this new time-varying receding horizon thermal bound,T , reported in the following, enlights that this bound will be always greater or equal than T GRMSmaxT
The same approach can be followed to calculate the power limit PP
Adopting these constraints in place of the steady state values T GRMSmax , P GRMSmax , the following torque saturation law holds (power saturation law can be derived accordingly)
The saturation values that would be achieved without thermal dynamic consideration are lower bound of T Gsat in (8) and can be expressed as
this bound will be useful for offline dimensioning and MPPT algorithms.
Parameters of the wind turbine adopted for tests
Along this work, a 200kW three-blades wind turbine, with blade length of R = 13m, is considered. A direct-drive coupling between turbine and electric generator is also assumed. The following nominal coefficients for C p curve expression (4), corresponding to the values reported in MAT LAB T M wind turbine library, have been adopted: c 1n = 0.517630, c 2n = 116, c 3n = 0.4, c 4n = 5, c 5n = 21, c 6n = 0.0067950, and the set of variation C , defined considering a spread of ±10% around these values, has been considered. In Fig.2 the power coefficient surface obtained putting the nominal n-ple into expression (4) is reported. Numerical values of system parameters, adopted to carry out tests, are summarized in Tab. 1. Note that, owing to the frontend converter fast thermal dynamics, theP for the considered system, calculated by (7), will be always equal to P GRMSmax .
INTEGRATED SPEED CONTROLLER
The basic idea of the proposed solution is to consider a unique scalar control input for speed regulation, given by the sum of the generator torque and the torque effect of the pitch angle variation w.r.t. its optimum value for power capture (β = 0). Hence, a unique SISO speed controller is designed for the whole operating range and its total torque command is split in generator torque command and pitch angle command. According to the general control strategy reported in Subsection 2.1, when the total torque command is below the generator bounds, only a generator torque command will be issued, while pitch angle is left at its optimum value. Differently, when total torque command exceeds the generator bounds a suitable pitch angle variation will be requested. This approach allows an intrinsically smooth transition between "low wind speed" and "high wind speed" condition even if the generator torque-power limits are time-varying and fast changes in the wind regime occur.
Controller definition
First of all, the mechanical model (1) is rearranged in order to separate the aerodynamic torque generated with fixed optimum pitch angle, β = 0, from the braking effect obtained by moving β to positive values. Hence, defining T ∆ as:
where (T w (V, ω, 0) (non-negative, by turbine physics) can be seen as the exogenous input depending on wind, while the sum (T ∆ (c,V, ω, β ) + T G ) can be intended as a single scalar control input (note that also T ∆ is non-negative according to turbine physics). The distribution of the total control input command in T G and β commands will be decided according to maximization of the generated electric power and generator torque and power bounds. By the way, this operation will be completely independent of the chosen speed controller which "sees" a single control command. Before designing the speed controller with the above mentioned assumption on the control input, it is necessary to note that the β contribution is actually dependent on the aerodynamic parameters, c, and the wind speed, V which are uncertain. Hence, for control purposes, T ∆ (c,V, ω, β ) is approximated by a f (β ) independent of parameters variation, wind and turbine speeds. For each β from zero to its maximum admissible control, f (β ) is calculated as the mean value of T ∆ (c,V, ω, β ) over the follow-
where C is the set of admissible aerodynamic parameters, ω max is the maximum operating speed allowed for the wind turbine, V max is the so-called survival wind speed (i.e. the maximum wind speed the turbine is designed to resist at) and V * (c, ω) is the wind speed which, for given c and ω, generates T W (c,V * (c, ω), ω, 0) = T Gsat min . Hence, owing to monotonicity of T W w.r.t. V , at given c and ω,
The reason why the wind range in the considered set is lower bounded by V * is the following. According to the general control strategy for maximum power capture of Subsection 2.1, β will be used only when the total control command exceeds the available generator torque, this can occur, in principle, in any condition depending on current tracking error and reference derivatives.
Restricting the analysis to most common conditions, namely steady-state or almost steady-state (i.e. with null or small tracking error and limited speed reference derivative), the use of β occurs only when the wind speed is high enough to generate an aerodynamic torque larger than the one available at generator side. Hence it make sense to restrict the area used to calculate the mean value of T ∆ to the most common and significant one. It is wort noting that f (0) = 0, by definition, and, as clarified in the following, for control purpose f (β ) needs to be a bijective continuous function; therefore, a bijective continuous approximation would be adopted if the mean value of T ∆ were not. Finally, it must be underlined that a function f (β , ω), instead of f (β ), could be adopted to approximate T ∆ (c,V, ω, β ) since ω is measured. This option is not considered here for the sake of brevity, but all of the following arguments can be directly extended to this case. According to the definition of f (β ), (10) can be rewritten as:
where, the scalar control input will be the sum
represents the control input addictive unknown error due to aerodynamic uncertainties. After this model reformulation, enlightening the "combined" scalar control input, the addictive error on control input and the unknown exogenous input, the speed controller can be designed. A simple PI structure with feed-forward action is selected and the main issue is to guarantee robust stability, despite of the unknown disturbances and actuation errors. Suitable bounds will be defined on the uncertainties according to the turbine physics and these bounds will be exploited to design the PI gains as will be enlightened in Subsection 3.2. The proposed controller is defined as follows:
whereω = ω − ω * is the angular speed error w.r.t the reference ω * , with known and bounded derivativeω * . The integral part χ has the basic role to estimate and compensate for the unknown exogenous input T w and the unknown actuation errorT ∆ . Actually, these terms are constant, in perfect tracking condition, only when ω * , V and T Gsat are constant. Then, perfect tracking capability is structurally limited to those conditions. Nevertheless, ω * , V and T Gsat , when non-constant, are usually slowly varying leading to small residual tracking errors, providing that stability is guaranteed. For what concerns the distribution of the control command u on T G and f (β ), according to the general control strategy devoted to maximize the generated electrical power, the following partitioning rule is adopted:
Finally, it can be noted that, to avoid motoring behavior of the electric generator, negative values of control input u should be prevented. This can be practically achieved by suitable limitation on the speed reference derivative. Nevertheless, considering very large initial error, the positiveness and boundness of u can be assured by saturating it at [0, u max ] and adding an antiwindup strategy for the PI controller.
Stability analysis
The stability analysis of the proposed solution, leading to rules for PI gains selection, is carried out assuming constant wind speed V , turbine velocity reference ω * and generator torque saturation T Gsat . The proposed results can be extended to slowly varying conditions for the above mentioned variables, by considering their derivatives as sufficiently small perturbing inputs. No saturation on control input u and and anti-windup strategy is considered in the presented analysis for the sake of brevity. The control objective is to asymptotically stabilize the system (11) with controller (12) an (13) at the following equilibrium point
with
Definingχ = χ −χ, the following error dynamics can be derived:
The displacement of T W and T ∆ w. r. t. their values at the equilibrium point can be defined as follows:
Hence by using (16) and (14), the error dynamics system (15) can be rewritten aṡ
Then, it can be noted that the computation of β in (13) can be rewritten as
Therefore the error dynamics can be rewritten enlightening the remarkable dependence ofT ∆ on k pω andχ (this is crucial for stability analysis and PI design)
The results on stability analysis can be summarized in the following proposition. Proposition 1. Considering system (19), -if there exist six positive numbers, k 1 , k 2 , k 3 ,ω max , y max and χ max , such that
Hence, in the same domain, the following inequality forV holds:
The quadratic form on the right-hand side can be rewritten aṡ
and, according to the assumption on k p > 0 satisfying (21), it will be negative definite. 
Application to the considered wind turbine
Numerical values for controller parameters has been selected applying the above described tuning procedure to the turbine chosen as case of study; approximation curve f (β ), calculated adopting the turbine parameters summarized in Subsection 2.3, is reported in Fig. 3 . For what concerns controller gains, maximum errorsω max = 5 rad/s, y max = 1×10 6 Nm,χ max = 10×10 3 Nm are assumd, then,in order to obtain the conservative approximation expressed by inequality (20) (21), the following stability condition on proportional gain; k p > 437663 is derived. Finally the integral gain k i = 2.4 × 10 6 can be set according to Prop. 1.
MMPT APPROACH FOR SPEED REFERENCE GENERATION
A standard MPPT algorithm can be mounted on the proposed control structure to generate an optimal speed reference that allows to track the maximum power curve for the turbine when needed, and to manage also the other operating conditions. Overall control logic and speed reference generator, in general, has to manage four different phases: system start up, maximum power tracking, power saturation and switch off. For the sake of brevity, only MPPT and power saturation phases are described in the following. For MPPT a discrete event algorithm, based on a perturb and observe approach, is adopted following these steps: starting from a constant speed ω * (0) reached after startup, a first attempt perturbation of the reference angular speed is produced with a predefined ∆ω * (0), the new speed reference ω * = ω * (0) + ∆ω * (0) is smoothly applied to the controller, then, when steady-state condition is reached, mean value of the electric power captured by the generator is evaluated and assumed equal to the aerodynamic power, P extracted from the turbine. The ratio between generator power variation and imposed speed reference variation is adopted as a local gradient estimation of the P − ω curve. This estimation, scaled by a suitable coefficient K, is then used to define the subsequent reference speed perturbation and to restart the procedure, until the estimated gradient is sufficiently close to zero. The above mentioned method can be summarized with the following equations to be recursively applied at each step k ≥ 1.
The scaling parameter K is crucial for the actual convergency of the proposed gradient-based method. The focus of this paper is not on this issue, but, according to Newton-Raphson method, a reasonable choice is the following; K < max
, where the maximum value of partial second derivative is evaluated on the following set {(c,V, ω,
Once the maximum power condition is reached, the MMPT algorithms will be stopped and restarted when a relevant variation in the generated power occurs. For what concerns the smooth application of the speed reference perturbation to the controller, a filtered ramp is used for speed perturbation generation, its slope is run-time adapted to take into account the torque available form the wind. Hence at each iteration k, the adopted reference slopeω * (k) will be defined as follows;ω * (k) =
T G (k) is the mean value of the applied torque, and represent an estimation of the torque available from the wind; η << 1, guarantees that only a small fraction of the torque available from the wind is used to change turbine angular speed, avoiding a motoring behavior to accelerate the blades. Transition from the MPPT phase to power saturation phase will occur when mean power at generator side reaches the value P GRMSmax . At this stage, the speed reference is smoothly increased going over the nominal value ω nom that is the value at which, for rated wind speed V nom the captured power equals P max . Hence generator torque is reduced while keeping constant generator power by means of pitch angle, so that lower currents are drained by the generator power drive and the thermal power losses are minimized. It's further to notice that the value of reference speed to impose when power saturation occurs, has to be accurately selected, the ratio is to choose a safe angular speed value that ensures the turbine braking even if a wind gust up to survival wind speed occurs. A transition from power saturation phase back to MPPT phase will occur whenever the mean generator power significantly fall below P GRMSmax .
SIMULATION RESULTS
Extensive simulations have been carried out to test the proposed solution. The turbine characteristics considered along the paper have been adopted (see Subsections 2.3 and 3.3). For pitch actuation, the following non-idealities and bounds have been considered: a first order dynamics between pitch command and actual pitch position with τ = 20ms, a slew rate limitation at ±10 • /s and a limited pitch angle range, β ∈ [0, 60] • . Results with continuos-time and discrete-time implementations of the proposed speed controller have been compared in order to select a suitable sampling time for the latter. It has turned out that a sampling time T s = 4ms is suitable for the proposed controller and simulation results are very close to those obtained with continuous time implementation. In the following results obtained with discrete-time implementation will be presented. For the sake of brevity, only a few tests are reported here, in Fig. 4 up and down high wind steps have been reproduced, in order to test the stability domain of the proposed solution, pejorative conditions w.r.t those considered for stability analysis in Subsection 3.2 has been considered; a slowly varying reference speed has been adopted, and a wind step, causing an initial error χ(t step ) >χ max has been produced. The reference tracking is ensured even when an abrubt wind speed increase occurs and the power limit is reached causing the generator torque to drop, hence it can be reasonably assumed that the acctractiveness of the proposed solution is preserved also outside the basin theoretically estimated in Subsection 3.2. In Fig. 5 the benefits produced by taking into account system thermal dynamics, mentioned in Subsection 2.2, are clearly shown. Starting from a wind speed not requiring any torquepower limitation, a wind step, such that the torque limit is exceeded, is produced, it can be noted how the generator torque overcomes the maximum RMS value T GRMSmax for few seconds. When the torque dynamic bound decreases due to receding horizon thermal constraints, the proposed controller starts pitch angle variation with a quite smooth trajectory, according to time-varying torque bound. Finally, the MPPT algorithm described in Section 4, has been integrated with the discretetime controller and tested under turbulent wind speed conditions, adding a stochastic component to the wind speed mean is tracked accurately by the perturb and observe algorithm when the wind speed is lower then the rated value, then, when power saturation occurs, the angular speed is led to the constant value ω = 7.6 rad/s to reduce generator power losses, while the torque-pitch coordinated action limits the captured power.Finally when the wind speed drops below the rated limit and the MPPT algorithm is restarted to track the new optimal power value.
CONCLUSIONS
An integrated speed control for medium power wind turbine has been developed, assuming poor knowledge of the aerodynamic characteristics. Electric generator torque and pitch angle control knobs have been suitably combined according to general control strategy for maximizing power capture. Generator and power converter thermal dynamics have been exploited to define receding-horizon model-predictive power and torque bounds. A MPPT algorithm has been mounted on top of the proposed speed control solution. Future efforts will be directed in different directions. Integration of feed forward actions based on learning techniques applied to aerodynamic characterization will be considered. In order to deal with large power turbines, control "plug-ins" for the proposed solution should be developed to deal with active damping for the whole structure and frequency response shaping of generator power with respect to high frequency wind components to improve electric power quality.
